The electronic structure of Bi 2 Te 3 covered by noble metals is investigated by first-principles calculations. The Dirac surface state of the topological insulator Bi 2 Te 3 hybridizes with the sp states of the noble metal, which gives rise to strong reorganization of the surface electronic structure. Striking features of the modified Dirac surface state are (i) the introduction of new Dirac points within the fundamental band gap of Bi 2 Te 3 , (ii) a very weak dispersion, and (iii) a multisheeted Fermi surface which results in an orientation-dependent number of conducting channels in the fundamental band gap of Bi 2 Te 3 . Our findings have impact for spin-dependent surface transport.
I. INTRODUCTION
Three-dimensional topological insulators have become one of the most important classes of materials in today's condensed matter physics [1] [2] [3] [4] . They are characterized by an insulating bulk but conducting channels at their surfaces. For the class of Z 2 topological insulators, these surface states bridge the fundamental band gap and are topologically protected by timereversal symmetry. They are brought about by an odd number of band inversions in the bulk Brillouin zone, typically driven by the spin-orbit interaction; other mechanisms like alloying and strain can result in band inversion as well [5, 6] .
The chalcogenides Sb 2 Te 3 , Bi 2 Te 3 , and Bi 2 Se 3 have been investigated in great detail, both experimentally and theoretically (e. g., Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] ). They exhibit a single band inversion at the Brillouin zone center . Having a Z 2 topological invariant of (ν 0 ; ν 1 ν 2 ν 3 ) = (1; 0 0 0) (Ref. [16] ), a topologically protected surface state exists at any of their surfaces. At the (111) surface, this surface state shows the conical linear dispersion of a massless fermion at the center of the two-dimensional Brillouin zone. Its spin texture is determined by the Rashba spin-orbit interaction: the spin polarization is in-plane and perpendicular to the in-plane electron momentum, thus implying spin-momentum locking. The threefold rotational symmetry of the (111) surface allows for warping and an out-of-plane modulation of the spin polarization [17] [18] [19] [20] . Spin texture, linear dispersion, and topological protection make this surface state promising for future spin-electronic applications [21] .
In view of device applications, a topological insulator has to be contacted electrically by a noble metal (i. e., Cu, Ag, Au). Then the question arises how its surface electronic structure is affected by such a contact. The highly conducting sp states of the noble metals cross the Fermi level; likewise, the Dirac surface state of a topological insulator bridges its fundamental band gap [ Fig. 1(a) ]. Thus there are electronic states in the same energy regime which, if brought into contact, are expected to hybridize strongly. Because of the Rashba spin-orbit coupling [22] [23] [24] , the surface states are spin-polarized. As a consequence, their hybridization becomes spin-dependent, which could drastically affect the spin texture of the involved states.
Another issue concerns the number of conducting channels in the fundamental band gap of the substrate. Covering a topological insulator with a topologically trivial material will not change the number of topologically protected surface states, which is 1 for the A 2 B 3 class of chalcogenides. If the surface states of the topological insulator and the noble metal sp states do not hybridize, the total number of channels would be 1 + 2 = 3 [ Fig. 1(a) ; the Kramers doublet of noble metal sp states contributes by 2]. However, if they hybridize the surface states have to reorganize themselves in such a way that the number of states must equal 1 to fulfill the topological constraints [ Fig. 1(b) ]. In particular, the twofold degeneracy at the time-reversal invariant momenta (TRIMs; i. e., the point and the M points of the two-dimensional Brillouin zone) has to be conserved. This could lead to a "heavily rearranged" electronic structure at the interface.
In this paper, we prove by a theoretical first-principles investigation that for the exemplary chalcogenide Bi 2 Te 3 moderately covered by noble metal atoms the surface electronic structure is strongly reorganized but fulfills the abovementioned topological constraints. As a result, the properties of the Dirac surface state deviate severely from those known for uncovered Bi 2 Te 3 (111). We find that the topological surface state disperses nonlinearly, exhibits a complicated spin texture, and forms a multisheeted Fermi surface.
The paper is organized as follows. Theoretical issues are discussed in Sec. II, with details on the computational approach (Sec. II A) and the metal adsorption (Sec. II B). Results are discussed in Sec. III. After presenting the fundamental physics of hybridization of topologically trivial and nontrivial states (Sec. III A), we focus on Bi 2 Te 3 covered by Au (Sec. III B) with several adlayer thicknesses. Coverages by Cu and Ag are addressed in Sec. III C. We conclude with an outlook (Sec. IV).
II. THEORY

A. Computational approach
First-principles calculations were performed using the VASP code [25] [26] [27] [28] with projector-augmented wave (PAW) pseudopotentials [29, 30] , including spin-orbit coupling in a fully relativistic way [31] . It turns out that the local-density approximation (LDA) and a Perdew-Burke-Ernzerhof exchange-correlation functional [32, 33] result in similar band structures for pristine Bi 2 Te 3 . Hence we choose the simpler LDA.
The Bi 2 Te 3 lattice consists of a stacking of groups of five layers-the quintuple layers (QLs)-which are separated by a van der Waals gap [7] . Using periodic boundary conditions, we simulated the semi-infinite surface system by a slab of 6 QL, separated by a large vacuum region. Experimentally, this is the minimum thickness needed observing a Dirac surface state (DSS) [34] . Due to the slab geometry, the band structure shows band gaps that are imposed by the periodic boundary conditions (finite size effect). Such artificial band gaps would not show up for a semi-infinite system.
For Bi 2 Te 3 covered by Cu, Ag, or Au, one surface remains pristine (uncovered), with the consequence of a second DSS at that surface. This second state shows the well-known dispersion from Bi 2 Te 3 and is, thus, easy to identify. An asymmetric slab is preferred because the surface electronic state at one side is different from that of the other side; therefore, hybridization of the respective surface states is less likely as compared to a symmetric slab but cannot be completely avoided. The resulting band gaps, however, are negligibly small for our purposes.
Bi 2 Te 3 has a Z 2 invariant of (ν 0 ; ν 1 ν 2 ν 3 ) = (1; 0 0 0) and a mirror Chern number of −1 (Ref. [35] ). The latter tells us that there is exactly a single topologically protected surface state with clockwise spin chirality. 
B. Metal adsorption
For most of the results in this paper, we choose a moderate Au coverage of = 4/9, equivalent to one Au atom per lateral Bi 2 Te 3 unit cell, on one side of the slab. The localization of the electronic states at the metal-covered surface was obtained by eigenvector analysis [36] . Full coverage ( = 1) and thicker adlayers have been calculated as well (Secs. III B 2 and III B 3).
Bi 2 Te 3 layers follow an · · · ABCABC · · · stacking in [111] direction, and we put a metal layer following this ordering. The adsorption distance was varied over a large range of distances ( Fig. 2) , beginning with a metal-Te separation large enough (5.4Å) to observe the typical Bi 2 Te 3 DSS plus a noble metal-derived sp band without noticeable Rashba spin splitting. The adsorption distance was decreased to follow on one hand the modification of the surface electronic structure and on the other hand to find the total-energy minimum. The distance dependence of the adsorption energy ( Fig. 2 ) displays a favorable minimum of about 2.81 eV per Au atom at the equilibrium distance of 1.2Å, indicating experimental feasibility of this system. For Ag and Cu, the adsorption energies per metal atom are 2.29 eV and 2.97 eV at equilibrium distances of 1.2Å and 0.9Å, respectively.
III. DISCUSSION AND RESULTS
A. Hybridization of topologically trivial and nontrivial surface states
Before discussing the first-principles results, we address fundamental aspects of the hybridization of topologically trivial and nontrivial surface states. For this purpose, we use a one-dimensional model to illuminate the interaction between the DSS of Bi 2 Te 3 and the sp state of Au.
The dispersion of the sp state of Au is roughly approximated sinusoidal. The associated eigenstate is spin-degenerate; that is, there is no Rashba-type spin splitting. Thus its Hamiltonian can be written as with the lattice constant a, the bandwidth β, and an energy offset .
The band structure of the Dirac surface state is assumed linear and shows Rashba-type spin texture. Its Hamiltonian therefore reads
(α Rashba parameter; σ y Pauli matrix). Within the repeated zone scheme, a DSS is placed at each Brillouin center n · 2π/a, n integer. The spin-dependent hybridization is modeled by M = κσ x , in which κ is the coupling strength. It couples each of the DSS's-which are located at the Brillouin zone centers-with the Au state. The entire band-structure problem is solved numerically for systems with at least 200 Brillouin zones in the repeated zone scheme. A spin-diagonal coupling yields results similar to those presented in the following. Figure 3 illustrates the spin-dependent hybridization for selected coupling strengths κ. Without coupling [κ = 0, panel (a)], both states simply cross each other. Note the "zig-zag" dispersion of the DSS: E(DP 1 ) < E(DP 2 ) < E(DP 3 ). For small coupling [κ = 0.2, panel (b)], both branches of the formerly spin-degenerate Au state are "absorbed" into the DSS; one branch shows the dispersion of the DSS, while the other branch-with opposite spin polarization-shows sinusoidal dispersion. As a result of this spin-dependent hybridization, two new Dirac points, NDP 1 and NDP 2 , are formed. In addition, the energetic order of the Dirac points is perturbed, that is, E(NDP 1 ) < E(DP 2 ). For further increased coupling strength κ [0.5 and 1.0 in panels (c) and (d), respectively], the NDPs are shifted in energy such that the original energetic order of Dirac points is reestablished, i. e., E(DP 2 ) < E(NDP 1 ).
B. Bi 2 Te 3 covered by Au
Reorganization of the surface electronic structure
To prove the reorganization of the surface electronic structure, we start with the electronic structure of a Bi 2 Te 3 substrate very weakly coupled with the Au layer [ Fig. 4(a) ]. Weak interaction is obtained for a Au-Te distance as large as 5.4Å. Bi 2 Te 3 shows the well-known Dirac surface state with its Dirac point D at located in the valley of the valence bands. The Au layer exhibits a strongly dispersive spin-degenerate sp band with a band bottom at about −0.7 eV at and a band maximum at +0.6 eV at K; hence this band crosses the fundamental band gap of Bi 2 Te 3 . Thus we find a band arrangement as depicted schematically in Fig. 1(a) . The flat bands around −0.9 eV in Fig. 4(a) are derived from the d orbitals of Au.
The Rashba effect relies on an asymmetric confinement of the two-dimensional electron gas at a surface or interface [22, 37] , as was, for example, established for the L-gap surface state of Au(111) (Refs. [38] [39] [40] ). In contrast, the sp states of the Au layer do not display a significant spin splitting. This is caused by a weak asymmetry of the confining potential; in other words, the potential of the Au layer is mildly affected by the Bi 2 Te 3 slab at large Au-Te distances.
The band structure obtained for the equilibrium Au-Te distance of 1.2Å shows remarkable differences to that discussed before [ Fig. 4 The above findings raise the question how the surface state is related to the Dirac state of uncovered Bi 2 Te 3 and the sp states of Au. An answer is provided by band structures calculated for Au-Te distances ranging from 5.4Å [ Fig. 4(a) ] down to 1.2Å [ Fig. 4(b) ]. It turns out that the Dirac point D shifts to higher energies upon reducing the distance; confer the squares in Fig. 4(c) . This means that the point D in Fig. 4(b) originates from that in Fig. 4(a) . At about 2.8Å a Dirac point emerges at M, which is marked in Fig. 4(b) .
The surface band shows accidental band crossings near the M points and several spin-orbit-mediated hybridization regions. Furthermore, the connection from D to D M in Fig. 4(b) is not obvious because the surface state hybridizes with bulk-derived electronic states of Bi 2 Te 3 . A closer inspection of the topology of the reorganized surface states in the entire Brillouin zone establishes a sole possible scenario that is highlighted by the dashed lines in Fig. 4(b) . Support is provided by the band edge at K and 0. [ Fig. 4(a) ], its "hybridized" counterpart requires a longer k path due to its "flattened" dispersion [ Fig. 4(b) ]. In the repeated zone scheme, this can be viewed as an increase of periodicity which furthermore can be interpreted as an increased winding number (for magnon Chern insulators, see Ref. [41] ). To be more precise, the genuine DSS of Bi 2 Te 3 takes about one-quarter of the -M line traversing the fundamental band gap [ Fig. 4(a) ]. For the Au-covered surface, however, this k range is sizably enlarged because of the new Dirac point at M [ Fig. 4(b) ].
As motivated above, the hybridization is spin-dependent and, therefore, could alter strongly the spin texture of the surface state. To analyze all components of the spin polarization we introduce a right-handed Cartesian coordinate system centered at , with K lying on the positive x axis [inset in Fig. 4(b) ], and z being the surface normal; the color scale is chosen to match the "red" (dashed) and "blue" (solid) spin components of Fig. 1 . In the case of clean Bi 2 Te 3 , thus the spin texture of the upper part of the Dirac cone has a left-handed (clockwise) rotation sense which yields a blue band. 111), the spin polarization is normal to that mirror plane; this implies there is no out-of-plane component S z along -M [white in Fig. 5(b) ]. Along M-K-, however, S z shows a maximum value as large as 51%; the total degree of the spin polarization is close to 60%.
At large Au-Te distances, the Au layer shows a weak Rashba effect which is readily explained by the small asymmetry on the confining potential. Hence the sp bands are spin degenerate. For small Au-Te distances, these bands become spin-split, with the inner showing left-handed spin chirality (red) and the outer showing right-handed spin chirality (blue). Since the upper part of the Bi 2 Te 3 -derived surface state is "left-handed," only the outer branch of the Au-derived sp band can hybridize to preserve the alternating spin orientation of a topologically protected state [cf. Fig. 1(b) ]. Therefore, the outer and inner branches of the sp band have to cross near . Figure 6(a) shows the spin projection of the bands crossing the Fermi level.
We recall that the Fermi surface of uncovered Bi 2 Te 3 is a slightly warped circle around . In contrast, the rearranged surface electronic structure results in a complicated multisheeted Fermi surface [ Fig. 6(c) ]. The latter follows the scheme of Fig. 1(b) , leading to a single surface state within the fundamental band gap. However, an additional band crossing near M affects both of its spin components (i.e., both branches of this state). As a result, the Fermi surface has two sheets, one for each spin component [compare the texture of Fig. 6(b) with the spin texture in Fig. 6(a) ].
In agreement with the former reasoning, the number of states in the fundamental band gap is 1. Due to the accidental band crossing, however, the number of channels becomes orientation dependent. Hence measured conductance values will depend on the current direction. On top of this, with contacts that allow one to vary their distance to the sample (e.g., a tip of a scanning tunneling microscope) it would be possible to tune the energy positions of D and D M which depend on the Au-Te distance [cf. Fig. 4(c) ].
The evolution of the surface electronic structure of Au/Bi 2 Te 3 (111) with Au-Te separation is shown in Fig. 7 for representative adlayer-substrate distances. A similar evolution is observed for Ag and Cu covered Bi 2 Te 3 .
The evolution is best followed by starting at a large distance for which the Bi 2 Te 3 -derived DSS and the Au-derived sp state can be clearly distinguished. Upon approaching the Au layer and the substrate, the hybridization with the sp state becomes stronger, as does the spin splitting of the sp band. Already at a distance of 2.9Å the sp band shows features of a topological surface band: starting at the conduction bands it reaches the Dirac point D and connects further with the Dirac point D M before eventually dispersing downward to the valence bands.
For 2.6Å the Dirac point D approaches the conduction bands but despite the hybridization with those bands it is easy to recognize. This band presents a particularly well-defined linear dispersion at d = 2.0Å and resembles a conical topological state. Therefore, it can be tracked through the region of projected bulk bands which show the above-mentioned band gaps due to the finite size of the slab.
Sometimes topologically protected surface states are associated with linear dispersion and a circular Fermi surface, which is definitely the case for some systems. The above findings-a flattened dispersion and a multisheeted Fermi surface-show clearly that such an assumption could be misleading in general.
Full monolayer coverage
The lateral lattice constant of Bi 2 Te 3 is about 50% larger than that of Au(111); hence a full coverage is equivalent to a lateral 2 × 2 Bi 2 Te 3 unit cell and a 3 × 3 Au(111) layer (right in Fig. 8 ). For a single adlayer, we observe the reorganization of the DSS and the creation of new Dirac points are observed, which validates our scheme (Fig. 1) .
The surface-and spin-projected band structure ( with stronger dispersion exhibit the typical Rashba splitting of Au-derived surface states, while the other two branches, with weaker dispersion, belong to the DSS.
Larger Au coverages
We now consider thicker Au adlayers with epitaxial stacking sequence in the 1 × 1 lateral unit cell (· · · ABCABC · · · ). The geometries have been relaxed until the forces on the Au atoms are less than 0.01 eV/Å. Figure 9 shows the spin-resolved surface band structure for Au thicknesses from two to six atomic layers [(a)-(e)].
For large coverages, the number of surface states in the fundamental band gap increases, thereby somewhat hindering the identification of the topologically nontrivial surface state. Analyses of the band structure in the entire Brillouin zone yield the Dirac points which are indicated in each panel of Fig. 9 . We recall that the bichalcogenides are "dual" topological insulators [35] , with a mirror Chern number of −1; thus the number of nontrivial surface states equals 1, regardless of the coverage.
For Au adlayers thicker than two atomic layers, the DSS at shows the paradigmatic conical dispersion, i.e., a Dirac cone, around the Fermi level, in contrast to one atomic adlayer. This behavior is particularly clear for two (a) and four (c) atomic layers. In all cases, we find that the DSS is reorganized.
Surface electronic structure without spin-orbit coupling
For completeness, we turned off the spin-orbit coupling in the calculations, with the main effect that the Dirac surface states become topologically trivial. We tested several representative cases from which we show the most clear: coverage by one Au layer (Fig. 10) . A rather flat Au band crosses the Fermi level almost without hybridization; Bi 2 Te 3 -derived p bands hybridize with Au bands above the Fermi energy. 
C. Bi 2 Te 3 covered by Cu and Ag
Gold-among other metals-is often used as electrode material. However, one might consider Au special since its spin-orbit coupling is stronger than in other materials that are widely used for electric contacts. On the one hand, the Rashba spin splitting which is one mechanism in reorganizing the DSS could be diminished for lighter metals. Here, we recall that the Rashba splitting of the surface states of Cu(111) and Ag(111) is so small that it is very hard to observe by spinand angle-resolved photoelectron spectroscopy [23] . On the other hand, Cu and Ag are isoelectronic to Au; so it would be no surprise that the surface electronic structure of Bi 2 Te 3 covered by one atomic layer of Cu or Ag is rather close to that for the Au-covered surface. To test this argument, we performed calculations in which Au is replaced by Cu or Ag.
Because the results for all of the three noble metals do not differ significantly, we provide only a representative example.
The surface electronic structure for Cu-covered Bi 2 Te 3 , shown in Fig. 9(f) , is very close to those found for Au (Fig. 4) .
Even the accidental crossing along -M occurs. From this we conclude that the strength of spin-orbit coupling plays a minor role in reorganization of the nontrivial surface state.
IV. OUTLOOK
For experimental verification of our theoretical findings we suggest to perform spin-and angle-resolved photoelectron spectroscopy [42, 43] or Landau level spectroscopy [44] [45] [46] , which are in particular well suited for studying Fermi surfaces [47] [48] [49] .
